The rapid and efficient analysis of plankton samples (e.g. enumeration, identification, biomass determination) has been an important driver for recent technological developments in (semi-) automated analysis and imaging instruments. Most focus has been on identification and abundance estimates, while less attention has been given to viability, i.e. the assessment of whether the organisms are dead or alive. However, a wide spectrum of scientific applications requires accurate viability determinations, e.g. the monitoring of invasive species in ship ballast water. The transfer of species through ballast water forms a major threat to marine ecosystems, resulting in significant environmental and economic losses. A variety of viability stains and viability assessment methods are available, but there has been no systematic investigation how these methods perform for larger organisms (!50 mm). We review the current procedures for viability determination for large plankton and present a cross-comparison of three methods: cell digestion assay (CDA), SYTOX w Green nucleic acid staining and Neutral Red vital staining. The CDA and SYTOX w Green methods did not perform well and gave various problems linked to the multicellular nature of zooplankton, autofluorescence and/or constraints set by the definition of cell death. Although some issues remain and there is no universal method, the Neutral Red vital stain proved the most robust viability method in this study and is broadly applicable to both phytoplankton and zooplankton larger than 50 mm.
. The Convention calls for ballast water management, which typically involves a solid -liquid separation step (filtration, hydrocyclone, coagulation) followed by a disinfection step (electrolysis, ozone, chlorine, UV treatment or other oxidation mechanisms). The IMO convention also regulates the quality control of these ballast water treatment procedures and sets the criteria that have to be met when ballast water is discharged.
The IMO convention is a laudable judicial legislative initiative, but in practice, it poses great technical challenges for the viability assessment of marine plankton. Specifically, the D-2 regulation of the IMO convention describes the discharge standards for treated ballast water. Concisely stated, it requires that 1 m 3 of treated ballast water should contain ,10 viable organisms in the size range !50 mm and that ,10 viable organisms in the size range !10 and ,50 mm should be present per 1 mL of treated ballast water. Furthermore, the concentration of certain indicator microbes should not exceed some specified threshold. To test for compliance with the D-2 standard, this implies that (i) organisms need to be counted and (ii) their viability to be determined. However, the IMO convention in itself does not provide or endorse any methods or protocols for compliance with the D-2 regulation. Accordingly, compliance testing remains a largely unresolved issue. Livedead assessments are also needed to test the quality assurance of ballast water treatment procedures, but it is not clear whether the current state-of-the-art methods in plankton analysis are adequate enough for such verification testing. Viability assessment, in either case, forms a daunting challenge. For marine plankton ,50 mm, microscopy and flow cytometry, in combination with viability stains, and PAM fluorometry have been proposed as suitable methods for assessment (Veldhuis and Fuhr, 2008; Steinberg et al., 2011; Fig. 1) . These include viability assessments using, for example, the SYTOX w Green nucleic acid stain (Veldhuis et al., 1997) or an FDA-CMFDA (fluorescein diacetate -5-chloromethylfluorescein diacetate) staining protocol (Steinberg et al., 2011) . However, in the size range of planktonic organisms !50 mm, no fully automated method is currently available to test whether ballast water treatment procedures meet the required IMO standard (,10 viable organisms in 1 m 3 ). Semi-automated technologies for plankton analysis, like FlowCAM w flow imaging (Buskey and Hyatt, 2006) , are on the market and are promising for future development, but presently their performance, accuracy and reliability with respect to the quality assurance of ballast water treatment has not been sufficiently tested. Therefore, currently, the standard procedure involves manual counting and the determination of viability of these organisms under a suitable microscope (Veldhuis and Fuhr, 2008; Fuhr et al., 2010; NSF, 2010) . However, this is a time-and resource-consuming procedure requiring highly qualified experts.
The difficult problem of trying to count live organisms in a concentrated sample of debris, live and dead organisms, remains a true challenge. In this paper, we evaluate the available methodologies for determining the livedead status of organisms !50 mm in size. Organisms tested belong to the microplankton (20-200 mm) as well as the mesoplankton size range (200 -2000 mm) and hence include both larger phytoplankton as well as zooplankton. In a first step, we provide a review of the currently available methods, evaluating their potential for high-throughput screening, listing both advantages and disadvantages. In a subsequent step, we have selected three methods for further experimental testing: a nonstaining technique (cell digestion assay, CDA) and two staining techniques (SYTOX w Green nucleic acid stain and Neutral Red vitality stain). The feasibility of these three methods for determining the live -dead status of organisms !50 mm is discussed in more detail.
R E V I E W O F AVA I L A B L E M E T H O D S
A number of different methods have been proposed and tested in the past to determine the viability status of larger plankton: these include motility assessment, nonstaining techniques like the CDA as well as various staining techniques.
Changes in behaviour and morphology
The assessment of motility has been used as a direct method to determine the viability status of larger Fig. 1 . Predominant ballast water treatment procedures and respective currently available (semi-) automated inspection methods for the enumeration and viability determination of organisms in the size range of !10 and ,50 mm, and the range !50 mm. A first step of filtration generally removes the larger particles, while the subsequent disinfection methods aim to remove any and all remaining organisms. The FlowCAM w supports the primary inspection method of manual determinations by light microscopy for large organisms.
zooplankton, such as copepods (Wright et al., 2010) . The method simply involves the prodding or poking of the organism under a light microscope and the observation of an escape response or the lack thereof. The most prominent advantages of the method are that its technical implementation is straightforward and that motility is an unmistakeable sign of viability (no false positives). Yet, one disadvantage is that motility assessment only works for a limited subset of plankton (i.e. motile zooplankton). Non-motile zooplankton such as acantharians, radiolarians and foraminiferans (Marszalek, 1982) as well as large phytoplankton do not actively move. Another problem is that the lack of movement is not necessarily synonymous with organism death. A known behaviour of zooplankton is that they can simulate being dead (akinesis), possibly as an escape response from predation (e.g. Rojas Molina et al., 2010) . This behavioural response can last some time, and subsequent attempts at prodding and poking may result in the zooplankter suddenly jumping back to life (S. Gollasch, pers. comm.). Accordingly, motility assessment should be used cautiously, and, therefore, it is often supplemented by a staining procedure. However, the greatest disadvantage is undoubtedly the timeconsuming aspect. Although the literature provides no systematic data of how much time is required for motility assessment in a water sample, most papers do mention that the manual manipulations and microscopic observations involved are very laborious.
An alternative to motility is to use the change in morphological characteristics between living and non-living cells as the basis for live -dead discrimination. In phytoplankton studies, the lack of cell content in dead cells has been used to identify dead diatoms (Knoechel and Kalff, 1978; Beninger et al., 2008) . Similarly, the living status of algal cells has been assessed by measuring fluorescence of chlorophyll a at 685 nm, whereby a lack of fluorescence (due to an absence of chloroplasts) leads to a classification as being dead. However, these morphology-based methods often require considerable expert judgement, as morphological changes are not binary, but often gradual. Classifying only empty silicon valves as dead cells underestimates the number of compromised cells in a diatom community, because dead or dying cells can retain their cellular content (Agustí and Sanchez, 2002; Garvey et al., 2007; Franklin et al., 2009) . Similarly, chloroplasts of dead cells can maintain their red fluorescence for several weeks after dying, and so, discriminating the living status of algal cells by fluorescence is not a very robust method (Reavie et al., 2010) . Given that the behaviour and morphology-based methods have a rather narrow application field, are labour intensive and require substantial expert judgement, we do not consider them suitable for highthroughput screening in ballast water applications. Accordingly, morphology-based methods are not further examined here.
Cell digestion assay
The CDA is a non-staining method, which was originally developed by Darzynkiewicz et al. (Darzynkiewicz et al., 1994) for mammalian cells and later modified by Agustí and Sanchez (Agustí and Sanchez, 2002) for phytoplankton studies. The method is based on the selective removal of dead cells by digestive enzymes, while the living cells are left intact and can be counted. Unlike living cells, the membranes of dead cells are permeable to digestive enzymes like DNAse I and Trypsin. DNA is fragmented and hydrolysed by DNAse I, whereas Trypsin hydrolyses the phospholipids of the cell membrane. The desired end result is that digested cells become undetectable to microscopic observation, thereby losing any fluorescence signal. Live cells are unaffected by the exposure to the enzyme cocktail, retaining their optical and fluorescence signals. This then allows the counting of live cells using transmitted light microscopy, fluorescence microscopy or flow cytometry. The CDA method has been employed in a number of studies on phytoplankton, such as pico-phytoplankton communities from the Atlantic Ocean (Agustí, 2004; Alonso-Laita and Agustí, 2006; Llabrés and Agustí, 2006) and the Mediterranean Sea (Agustí and Sanchez, 2002; Alonso-Laita et al., 2005; Lasternas et al., 2010) , as well as freshwater phytoplankton communities Reavie et al., 2010) , and phytoplankton of cold and polar waters Agustí, 2008, 2010) .
The CDA method was originally developed for mammalian cells in biomedical applications, and in theory, it should also be applicable to other cells (S. Agustí, pers. comm.) . One potential advantage is that the CDA method checks for viability at the basal cell level. In dead cells, enzymes are allowed to enter damaged plasma membranes, while the enzyme cocktail has little impact on the morphology, function or viability of live cells. Because CDA works at the basic physiology level of cells, this could, at least in theory, allow a broad application of the method, being able to target a wide taxonomic range of planktonic cells. This way, the prospect emerges of a "universal method for plankton viability". Another advantage of CDA is that it digests necrotic or advanced apoptotic cells (Agustí and Sanchez, 2002) , thus removing excess dead cell material from the sample, which then could greatly facilitate (automated) enumeration techniques. Hence, CDA could theoretically eliminate the time spent on verifying dead cell status, as dead cells are removed altogether, thereby alleviating the time-consuming aspect of viability determinations. However, until now, few studies have examined the CDA method, and up to now, the method has only been tested for phytoplankton and not zooplankton. Multicellular mesoplankton have not only more complex cell structures but also a multitude of additional structural material (e.g. chitinous skeletons) to digest. It is unclear how CDA performs in such conditions. Here, we will examine CDA for both zooplankton and phytoplankton.
Staining procedures: fluorescent stains
Staining procedures have already been used for over 100 years to differentiate living cells from dead cells (e.g. Fischel, 1908) . A whole suite of fluorescent stains has become available in the past decades for viability determinations and mostly target bacteria. Stains based on esterase substrates measure enzymatic activity and cell membrane integrity. Nucleic acid stains also measure cell membrane integrity. Stains measuring oxidation-reduction activity target the electron transport chain and various catabolic and anabolic pathways (see, for example, www.invitrogen.com for an overview of the stains available). The exact definition of cell death is not clear-cut for phytoplankton and less readily determined than for zooplankton where motility provides an ultimate criterion (Garvey et al., 2007) . Accordingly, various physiological criteria have been proposed to define cell viability of phytoplankton cells (Wright et al., 2010) . The disabling of the trans-membrane transport and the loss of physical integrity of the plasma membrane are major features distinguishing dead from live cells (Darzynkiewicz et al., 1994) . The stains Trypan blue, propidium iodide and the SYTOX w nucleic acid stains (Green, Blue and Orange stains from Invitrogen Ltd) are viability stains based on such membrane integrity. However, the application of these stains is not without problems. For example, the red fluorescence of propidium iodide can interfere with the red autofluorescence from chlorophyll (Darzynkiewicz et al., 1994) , while green fluorescence from FDA can be masked by strong red autofluorescence (Garvey et al., 2007) .
The SYTOX w Green nucleic acid stain (hereinafter referred to as SYTOX w Green; Invitrogen Ltd) is one of the stains based on cell membrane permeability and has been successfully applied to discriminate live from dead phytoplankton, both in cultures as well as field samples (Veldhuis et al., 1997 (Veldhuis et al., , 2001 . SYTOX w Green has been predominantly used as a viability stain for phytoplankton species (e.g. Veldhuis et al., 1997 Veldhuis et al., , 2001 with only two studies related to zooplankton (Gill et al., 2003; Buttino et al., 2004 ). Here, we tested whether SYTOX w Green could be a candidate for successfully distinguishing live from dead both phytoplankton and zooplankton organisms. SYTOX w Green emits a green fluorescence upon excitation with a 488-nm laser (or a similar light source within the 450-490 nm range). Its optimal excitation wavelength is 504 nm and peak emission is at 523 nm. According to the manufacturer, membrane rupture should induce an enhancement of the cell's fluorescence up to a 500-fold as the nucleic acids are stained inside the cell once the membrane has been disrupted. Stained eukaryotic cells will generally have bright green nuclei as well as some low-level cytoplasmic staining (Veldhuis et al., 1997) .
Staining procedures: non-fluorescent stains
Non-fluorescent stains are used particularly in histological work to enhance visualization of cell tissues, intracellular organelles and components, or physiological processes taking place within cells. Only some of the commonly used non-fluorescent stains are also suitable as viability stains. Trypan blue, Evans blue and Aniline blue are examples of mortal stains, while Methylene blue works in the opposite direction by staining live cells. All these four stains have been used for staining plant cells (Crippen and Perrier, 1974; Reynolds et al., 1978; Seepersad et al., 2004) . The uptake of Aniline and Methylene blue has also been tested in crustaceans (Dressel et al., 1972; Seepersad et al., 2004; Bickel et al., 2009) . A major disadvantage of such non-fluorescent stains is their toxicity and their low extinction coefficient, which makes it difficult to distinguish the background from the stained cells. Less toxic is the widely used vital stain Neutral Red. Neutral Red has been successfully applied to copepods (e.g. Crippen and Perrier, 1974) , and recently, its applicability to natural field assemblages of zooplankton has been further promoted (Elliott and Tang, 2009 ). It has also been found to be taken up by living algal cells, albeit with mixed success (Crippen and Perrier, 1974; Reynolds et al., 1978; F. Fuhr, pers. comm.) . Neutral Red (3-amino-7-dimethylamino-2-methylphenazine hydrochloride) is a water-soluble, weakly cationic dye that passes through the intact plasma membrane and becomes concentrated in lysosomes of viable cells (Triglia et al., 1991) . In animal cells, the stain is stored in the lysosomes, while in plant cells Neutral Red accumulates in the cytoplasm and/or vacuoles (Crippen and Perrier, 1974) . Agents that damage the cell surface and lysosomal membranes inhibit the incorporation of the red dye (Triglia et al., 1991; Tang et al., 2006) . Staining results are not affected by the time of death or staining time. Minimal handling of animals is required, and in theory, organisms should continue to stain until cellular activity has ceased. Dead intact individuals, which do not yet show any visible signs of disintegration or decomposition, will remain unstained and therefore reduce the number of false positives. The preservation of samples after staining is possible and it is an inexpensive, simple and non-toxic stain. Given these advantages of Neutral Red and the lack of testing for phytoplankton organisms !50 mm, the Neutral Red stain was selected for further evaluation in this study.
M E T H O D General methodology
Three viability assessment methods were selected for testing on planktonic organisms !50 mm: (i) the CDA, (ii) fluorescent staining with SYTOX w Green and (iii) nonfluorescent staining with Neutral Red. These methods were tested on both phytoplankton as well as zooplankton. Copepods and other crustaceans were collected at Lillo Pier, Belgium, with a 50-and a 200-mm plankton net and transported directly to the laboratory. Natural plankton assemblages were obtained from plankton net hauls at the NIOZ quayside (Yerseke, the Netherlands) and used fresh. These assemblages contained both phytoplankton and zooplankton. Several species of phytoplankton were obtained as cultures from the Culture Collection Yerseke (CCY, www.nioz.nl) and were grown in suitable growth media. Replicate samples of algal cultures and natural phytoplankton assemblages were killed by heat, by maintaining samples in a water bath at 608C (Myklestad and Swift, 1998) for 1 h, while crustaceans such as copepods and mysids were generally heated for 10 min. For comparative purposes, testing was also undertaken with the CDA for cells of the diatom Odontella sinensis, and for copepods with the stain SYTOX w Green, that were killed by freezing at 2208C.
For both qualitative and quantitative observations, the following microscopes were used: a Zeiss Axioplan microscope, used as compound light microscope and epifluorescent microscope, a Leica MS5 stereomicroscope and a prototype digital holographic microscope (DHM; Dubois et al., 1999) . The epifluorescent microscope was equipped with a mercury vapour lamp and used with two filter sets (Filter 1: BP 520-560, FT 580, LP 590; Filter 2: BP 450 -490, FT 510, LP 520). The DHM was run with a blue LED (excitation 450-490 nm) and Â10 or Â20 magnifications depending on the application. DHM analysis allows much greater depth of investigation and increased fields of view (720 Â 720 mm at Â10; 360 Â 360 mm at Â20) compared with the microscopes otherwise available in the laboratory. Furthermore, the DHM was modified to include fluorescence (Dubois et al., 2008; US Patent No. 7463366 B2) to facilitate investigations of SYTOX w Green staining and autofluorescence, particularly of zooplankton. Live and dead algal cells are easily examined on glass microscope slides, while larger organisms such as copepods need other means of enclosure. The DHM permitted the use of glass-bottom dishes to examine autofluorescence in copepods. The DHM, therefore, allowed us to observe fluorescence in copepods at a much lower magnification, giving us a much larger field of view than is possible with available epifluorescent microscopes.
Assays
The CDA protocol involves the following three steps: (i) addition of 200 mL of DNAse [800 mg mL 21 in Hank's balanced salt solution (HBSS)] to a 1-mL sample and incubation at 378C for 15 min, (ii) addition of 200 mL of Trypsin (2% in HBSS) followed by incubation at 378C for 30 min and (iii) stopping of enzyme activity by placing samples in an ice bath (Agustí and Sanchez, 2002) . Cells were then observed under the compound light microscope to identify the degree of cell digestion. Phytoplankton examined included cultures of the diatoms Achnanthes longipes, Cylindrotheca fusiformis, Fragilaria sp., O. sinensis and green algae Dunaliella tertiolecta and Chlorella pyrenoidosa as well as a natural assemblage dominated by O. sinensis, Mediopyxis helysia and several other unidentified centric diatoms. The CDA protocol was also applied to copepods and involved 1-mL samples of filtered seawater containing 20 copepods.
The SYTOX w Green nucleic acid stain is provided in a 5-mM solution in dimethyl sulfoxide (S7020, Sigma-Aldrich). Stock solutions were divided into 100 mL of aliquots (500 mM) and stored in the freezer until further use. Once needed, working solutions were prepared with Milli-Q water to yield the three required end concentrations (0.5, 5 and 20 mM), and incubation time was 30 min (modified from Veldhuis et al., 1997) . A range of zooplankton, including copepods, mysids, mollusc larvae (veligers), polychaetes (larvae and juveniles), nematodes and barnacle cyprid larvae, was tested with SYTOX w Green in addition to natural phytoplankton assemblages (including O. sinensis, M. helysia and other unidentified centric diatoms) and cultured algae (A. longipes, Cylindrotheca closterium, C. fusiformis and O. sinensis).
Neutral Red (861251, Sigma-Aldrich) was prepared as a solution and added to samples according to Veldhuis and Fuhr (Veldhuis and Fuhr, 2008) to yield a final concentration of 1:50 000. A staining time of 2 h was used for all samples. Samples were subsequently examined with a stereo or compound microscope, depending on the organism size. From natural assemblages, zooplankton tested included copepods (adults and nauplii), mysids, mollusc larvae (veligers), polychaetes (larvae and juveniles) and barnacle cyprid larvae. Natural phytoplankton assemblages included the diatoms O. sinensis, M. helysia, Coscinodiscus sp., Navicula sp. and other unidentified centric diatoms. Algal cultures that were systematically tested for their ability to take up Neutral Red included the diatoms: A. longipes, C. fusiformis, Fragilaria sp., O. sinensis, Melosira sp., Chaetoceros calcitrans and Skeletonema subsalum, but also smaller flagellates (Rhodomonas maculata, Hemiselmis sp. and D. tertiolecta). Darkfield illumination generally enhanced the contrast for viewing purposes.
R E S U LT S
Cell digestion assay Figure 2 shows photomicrographs of the diatom O. sinensis killed either by freezing or heat, and subjected to the CDA with the enzymes DNAse and Trypsin ( Fig. 2A and C) , compared with a control treatment without enzymes ( Fig. 2B and D) . The purposely killed algal cells in the CDA treatment did not show any signs of cell digestion, and hence, we could not observe any noticeable difference between treatment (dead with CDA enzymes) and controls (dead without CDA enzymes). These results are characteristic for all our experiments with the CDA method, as summarized in Table I . No difference between treatment and controls in cell counts is listed as "no digestion", whereas "full digestion" would imply entire digestion and removal of cells. The latter was not observed in any culture or field sample. "Partial digestion" implies that some or all of the treated cells showed signs of break-up but not complete digestion and removal of the cells. Not only the larger phytoplankton cells were not digested, but also the smaller Dunaliella sp. and Chlorella sp., which were previously successfully tested by Agustí and Sanchez (Agustí and Sanchez, 2002) , were not affected by the CDA treatment. Copepods also appeared not to be digested, the exoskeleton preventing any disintegration of the organisms. Subsequently, the CDA protocol was changed, and a higher enzyme concentration (1.6 mg mL 21 DNAse, 4% Trypsin), and longer incubation times (45 and 135 min) were tested, but invariably, these experiments yielded little or no evidence of cell digestion. As a final control, fresh stocks of enzyme solutions were acquired, and the whole procedure was repeated, but the results remained unchanged.
Our results corroborate the findings of Reavie et al. (Reavie et al., 2010) , who also failed to observe any cell (Agustí and Sanchez, 2002) successfully applied the CDA method to nine phytoplankton species (Chlorella sp., Dunaliella sp., Emiliania huxleyi, Heterocapsa sp., Phaeocystis sp., Phaeodactylum tricornutum, Synechococcus sp., Thalassiosira sp. and Prochlorococcus marina CCMP 1378). They found that the CDA method performed better than the FDA stain, which only worked for six of the nine phytoplankton species studied. The underlying cause of these conflicting results remains enigmatic, and hence the applicability of the CDA in phytoplankton warrants further investigation. Darzynkiewicz et al. (Darzynkiewicz et al., 1994) originally noted that the enzymes could digest different cells to such a degree as to allow the selection of these cells (e.g. cell gating by raising the triggering threshold of the light scatter, DNA or protein fluorescence signals). This way, the entire digestion might not be needed for all types of cells. Irrespectively, our results demonstrate that the method does not work for copepods, and by extrapolation, we hypothesize that it will not work for other larger multicellular zooplankton. For crustaceans, the chitinous exoskeleton forms a barrier for the CDA enzymes. Copepods are generally the dominant component of marine plankton assemblages (Harris, 2001 ) and determining their viability is therefore essential for ballast water compliance. This way, we conclude that the CDA method is not suitable for determinations for organisms !50 mm and has poor prospects for inclusion in future automated systems of ballast water treatment quality control.
SYTOX
w Green staining
Dead algal cells stained with SYTOX w Green, both from natural assemblages as well as cultures, displayed strongly fluorescent green-yellow nuclei under the epifluorescent microscope ( Fig. 3A and B) . Live algal cells did not exhibit such a strongly fluorescent nucleus, but an overall increase in fluorescence was observed for both dead and live algal cells. The various dead zooplankton, such as copepods, polychaetes and nematodes, also fluoresced green after staining with SYTOX w Green, but here the results have to be carefully interpreted. Levels of fluorescence in some live and dead copepods stained with the same concentrations of SYTOX w Green (20 mM) were similar and hard to distinguish (Fig. 3D-G) .
The use of the SYTOX w Green stain is based on the observation of a strong increase in the fluorescence signal, i.e. the fluorescence from cells stained with SYTOX w Green should be several-fold higher than for cells without staining. Our results show that for algal cells, the intensity of the fluorescence signal clearly depended on the staining concentration, and so, this is an important parameter to be considered when using SYTOX w Green (data not shown). Variations in staining as well as the difficulty in establishing intensity thresholds for separating live and dead cells in phytoplankton have also been noted previously (Veldhuis et al., 2001; Agustí and Sanchez, 2002; Reavie et al., 2010) . For small phytoplankton, the required measurements of fluorescence intensities can be undertaken straightforwardly using flow cytometry and sample comparisons (Veldhuis et al., 1997) . However, for organisms !50 mm, the setting of intensity thresholds becomes problematic. No similar (semi-) automated system is currently available, staining patterns of larger organisms will be more irregular, and the number of organisms to be investigated is much lower (e.g. aiming for ,10 organisms m 23 for ballast water applications). Stain concentration and staining time are important parameters that require preliminary testing. For most phytoplankton species, the optimal dye concentration in seawater appears to be .20 mM with staining times of 15-30 min (Veldhuis et al., 1997) . However, a wide variety of staining concentrations and incubation times have been used (Table II) and would possibly be required for natural samples. This diversity in protocols hampers the development of a single "universally applicable" protocol, as desired in ballast water applications. Moreover, different stain concentrations may be required within one sample, depending on the heterogeneity of the sample. (A)]. However, in (C), a similarly dead cell reveals no such nucleic staining but exhibits only the fluorescence generated from the uptake of SYTOX w Green by the bacteria surrounding the cell. This is a so-called "ghost cell" and is one of the drawbacks of using membrane permeability stains. Staining with SYTOX w Green (20 mM) of live (D and F) and dead copepods (E and G) does not necessarily distinguish the viability status. In both states, similar levels of fluorescence can be measured. Images were taken with an epifluorescent microscope with the same image settings for direct comparison. (H and I) Fluorescence signals observed for different zooplankters from natural assemblages ( preserved in formalin; LP-Filter 520 nm). Both the polychaete larvae (H) and nematode (I) exhibit irregular staining due to their multicellularity and it becomes difficult to automate the recognition of these organisms, particularly when debris or bacteria interfere with the fluorescence signal. Scale bar lengths in micrometres. n/a n/a 5 n/a n/a n/a DF Coral homogenates Roth et al. (Roth et al., 1997) Tris þ EDTA n/a 5 120 n/a 30/37 BACT Escherichia coli Reproducible separation with 0.1 -10 mM Sytox Gregg and Hallegraeff (Gregg and Hallegraeff, 2007) n/a n/a n/a 60 n/a 17 VAR-DF Cysts of four dinoflagellate species and one flagellate 2 mL of Sytox to 5 mL of medium with cysts Timmermans et al. (Timmermans et al., 2007) Milli-Q 50 0.5 10 Dark Room DA Two Chaetoceros sp. and Thalassiosira antarctica n/a Hwang et al. (Hwang et al., 2010) n/a n/a 5 10 Dark n/a DF Prorocentrum micans 1 mL of sample; not employed to S. costatum as poor difference between live and dead Peperzak and Brussaard (Peperzak and Brussaard, 2010) Fresh Fig. 3A and B) . However, when we applied SYTOX w Green to algal cultures (O. sinensis) that were formalin preserved and had previously been affected by strong bacterial activity, we could only observe the staining of nuclei in a limited number of cells, while most others appeared to be nucleoid-free (Fig. 3B and C) . The majority of the cells in this culture would therefore not be correctly identified as dead cells requiring a careful estimation of these nucleoid-free cells, or "ghost cells" (Zweifel and Hagstrom, 1995) . Hence, one major disadvantage of non-permanent stains like SYTOX w Green is that they do not label cells without nucleic acids, which obviously have to be dead.
Ambiguous staining and problems with the fluorescence signal form an even bigger problem for zooplankton. In this study, we found that different parts of the organisms stained differently and that staining was not consistent among replicate organisms. As a result, it becomes difficult to identify whether the organisms' cells themselves have been stained or whether gut contents, or simply bacteria and other smaller microorganisms associated with the zooplankter are producing the staining signal ( Fig. 3H and I ). Despite the general success of staining nematodes, Gill et al. (Gill et al., 2003) also had issues with distinguishing fluorescence thresholds with increasing bacterial concentrations. They required judgement calls on what level of fluorescence indicated an actual death event as the fluorescence gradually extended over the animal's body.
Autofluorescence also creates problems for the application of SYTOX w Green for some zooplankton. Copepods exhibit autofluorescence in a range of wavelengths, with the exoskeleton and internal organs being excited by different wavelengths and also emitting at different spectra (blue, green and red; Bowlby and Case, 1991; Michels, 2007) . In copepods observed with the DHM, strong green autofluorescence was observed even before the addition of SYTOX w Green (Fig. 4) . Although the possible interference from autofluorescence could be reduced by the use of a narrower filter bandwidth (e.g. 520-525 nm), many organisms show different kinds of autofluorescence. For algae (emission peak at 685 nm), their chlorophyll (red) autofluorescence is a means of distinction from zooplankton, but at the same time green autofluorescence can create problems for the use of stain applications (Tang and Dobbs, 2007) . SYTOX w Green has been used before in a number of viability studies, though mainly on phytoplankton, and with mixed success (Veldhuis et al., 2001; Buttino et al., 2004; Veldhuis et al., 2006; Timmermans et al., 2007; Reavie et al., 2010) . Cells from nearly all different phytoplankton groups were successfully tested with SYTOX w Green (Veldhuis et al., 1997) except for one particular group, the Eustigmatophyceae, which did not stain well, and which was attributed to the very thick cell walls of these algae. Reavie et al. (Reavie et al., 2010) , however, were less successful in applying SYTOX w Green to freshwater algae; the proportion of false positives and false negatives (algae that were incorrectly identified as live or dead) ranged from 5 to 25%. They believe that their ambiguous results might be attributable to the fact that protocols were designed and tested with standard laboratory test organisms rather than natural assemblages.
All these difficulties of SYTOX w Green in terms of variable staining (intra-and interspecifically) in phytoplankton cells and zooplankton, as well as further problems with autofluorescence, "ghost cells" and fluorescence thresholds, lead us to conclude that this method is also not suitable for the determination of organisms !50 mm. The stringent requirements of ballast water treatment quality control will not be adequately realized with the SYTOX w Green method.
Neutral Red vital stain
Neutral Red staining of living algae was successful for all tested samples (Table III) . In both cells from cultures as well as from natural assemblages, the stain appeared in the cytoplasm of the cells across the size range of algae tested (Fig. 5) . Incorporation of Neutral Red occurred in smaller cells, such as Skeletonema subsalsum ( 10 mm), as it did in the larger Odontella cells (.100 mm; data not shown). In contrast, dead cells reported no uptake. Staining was largely successful for the zooplankton tested, with some showing complete staining (.75%; Fig. 5F and H), while others showed only partial staining, or a combination of both ( partial and full) was observed (Table III) . Partial staining implied that live organisms were able to take up the stain, but that this was patchily distributed or taken up only in certain parts of their body (Fig. 5G , K and L). Zooplankton that were stained successfully included copepods (Fig. 5 ) and their nauplii, while mysids and cyprid larvae exhibited partial staining only. Polychaete larvae were also stained successfully, displaying strong colouration of their bodies (Fig. 5H ) compared with non-living ones (Fig. 5I) . Molluscs did not always show complete uptake of Neutral Red throughout the body (Table III , Fig. 5J-L) . Neutral Red has been noted to be difficult as a stain for some phytoplankton species, as they may be prone to leaching or cell shrinkage (Crippen and Perrier, 1974; Reynolds et al., 1978) . Problems of leaching were experienced by Reynolds et al. (Reynolds et al., 1978) with Skeletonema costatum cells, whereby the stain leached a few minutes after its initial successful incorporation. All other algal species tested by these authors took up the Neutral Red stain, except for Mychonastes ruminates, an unusually thick-walled green coccoid organism. Overall, Neutral Red staining has been reported to give ambiguous results for small phytoplankton (e.g. Reynolds et al., 1978) . However, in this study, successful incorporation of Neutral Red was noted for all algal species tested, small and large. Especially, larger diatoms showed a good uptake of the stain (Fig. 5A-E) , corroborating the good uptake already noted by Crippen and Perrier (Crippen and Perrier, 1974) for Biddulphia sp., Melosira sp. and Peridinium sp.
There have also been issues with pale staining organisms or rapid fading of the stain for multicellular organisms. Therefore, it may not work efficiently for all species in natural assemblages. Crippen and Perrier (Crippen and Perrier, 1974) successfully stained natural estuarine plankton samples (not preserved) which included calanoid copepods (adults and nauplii), polychaete eggs and larvae, gastropod eggs, hydrozoans larvae, rotifers and chaetognaths. In contrast, Elliott and Tang (Elliott and Tang, 2009 ) had problems with preserved samples of barnacle nauplii (staining confined to joints) and polychaete larvae (rapid fading of the stain), while F. Fuhr ( pers. comm.) has noted problems with molluscs, cyprid larvae and pigmented harpacticoids in fresh, nonpreserved samples. The polychaete larvae stained in this study did not exhibit any rapid fading, but problems of partial staining did occur in some of the crustaceans and molluscs. The discrepancies between these studies and others (Horvath and Lamberti, 1999; Steinberg et al., 2010) may be attributed to differences in protocol such as staining concentrations and times and whether observations were made on preserved or fresh samples. Neutral Red has been and is being used to supplement manual counting and live -dead determinations by motility of organisms, particularly for ballast water applications Wright et al., 2010) . Despite the problems with some of the organisms and the length of staining (in this study 2 h), this seems to be the most promising of the three viability methods examined here, given its low cost, ease of use and broad applicability for organisms !50 mm.
D I S C U S S I O N
The demand for identifying natural plankton is increasing and there is a need for development efforts in the next decade for high-throughput systems that can automatically identify living and non-living material and place these into a suitable set of categories (MacLeod et al., 2010) . Viability assessment is relevant to a great number of applications and research questions in marine ecology. Recent studies demonstrate that the proportion of dead phytoplankton cells varies between communities and taxa (Agustí and Sanchez, 2002; Agustí, 2004; Franklin et al., 2009 ) and these studies also Live zooplanktonic organisms such as copepods displayed both complete staining (F) as well as partial staining only (G). Polychaetes also successfully took up the Neutral Red stain when alive (H) compared with a dead specimen (I). Dead molluscs did not take up Neutral Red (J), while live specimen did (K and L). However, uptake in live organisms was incomplete and would be difficult to automate. All zooplankton were taken from natural assemblages.
suggest a strong impact of cell death on marine ecosystem functioning, particularly on our understanding of dissolved organic carbon cycling (Veldhuis and Kraay, 2000; Agustí et al., 2006; Hayakawa et al., 2008) . This has led to a continued interest in studying the actual live -dead status of phytoplankton cells. Historically, zooplankton viability has been less investigated by marine ecologists, as the typical approach is to collect samples, preserve them and count organisms with the assumption that all intact organisms were alive when collected. However, mortality, including non-predation mortality, drives the population dynamics of zooplankton, and hence viability is also important for an improved understanding of food webs and fluxes in marine ecosystems (Dubovskaya et al., 2003; Tang et al., 2006) . The ballast water problem creates a similar demand for methods of viability assessment of plankton, though now in an engineering context. Recent grow-out experiments indicate that microplankton have the capability to grow back after having been subjected to a harsh ballast water treatment systems Liebich et al., 2012) . This stresses the need for the implementation and improvement of ballast water treatment procedures as endorsed in the recent IMO convention. At the same time, the implementation of such technology demands adequate control methodologies to enable full compliance with the specified D-2 standard of the IMO convention. This standard requires that test results are reported as the actual number of living cells, which precludes the use of bulk metrics (such as chlorophyll a). As a result, compliance testing necessarily involves viability assessment. Ideally, one would like to have a single universally applicable protocol for assessing the viability criteria set out therein, i.e. the presence of ,10 viable organisms per mL of treated ballast water for the size range !10 and ,50 mm, and ,10 viable organisms per 1 m 3 of treated ballast water for organisms !50 mm. At the same time, however, we must face the reality of biological diversity. The taxonomic composition, size distribution, morphology and viability status of plankton communities is so diverse, that the aspiration for a "universally applicable" viability method must be deemed as unrealistic. For example, viability stains need to penetrate different types of biological barriers, "from a comparatively thick hide (as in worms) to outer skeletons made of chitins (copepods) and silicate casings in diatoms" , and so different classes of organisms will require different staining protocols.
Nonetheless, there are various methods in use to determine the viability status of planktonic organisms, as reviewed above (e.g. motility assessments, staining and non-staining applications). Although the idea of a "universally applicable" viability method might be utopian, there is a clear need to examine how broadly applicable current viability methods are, particularly for organisms !50 mm. One prominent observation is that different studies often report different results for the same viability method. This indicates that our understanding of viability screening in natural plankton samples is far from sufficient and complete. In the present study, we have evaluated three different viability methods. The CDA performed very poorly as a viability method. For zooplankton, cell digestion is clearly hampered by multicellularity and by the presence of outer body linings and exoskeletons (e.g. a chitinous cuticle in copepods). However, also for phytoplankton, CDA gave problematic results and showed a general inability to fully digest cells. This is in sharp contrast with an earlier study by Agustí and Sanchez (Agustí and Sanchez, 2002) , but corroborates the findings of Reavie et al. (Reavie et al., 2010) , who failed to observe any cell digestion of dead freshwater phytoplankton. The reason why the CDA provides such variable results is not understood and requires further experimental examination. The SYTOX w Green method has been reported to have broad applicability to phytoplankton (Veldhuis et al., 1997) and is currently implemented for ballast water testing for !10 and ,50 mm small organisms by some laboratories (Veldhuis and Fuhr, 2008 ). Yet, its robustness as a viability method has been questioned (Reavie et al., 2010) . In this study, the SYTOX w Green method did not produce satisfactory results, but unlike the CDA method, the underlying causes of the variability in staining could be identified. The main problem was the ambiguous staining of cells, precluding a trustworthy classification of a cell as either live or dead. Ambiguous staining was caused by inherent variability in the uptake of the stain, the multicellularity of organisms, the problem of "ghost cells" and the interference from autofluorescence. Given these problems, we conclude that SYTOX w Green is not suitable for viability determination for organisms larger than 50 mm, particularly in diverse natural assemblages. Moreover, the uncertainty induced by variable staining also precludes the use of SYTOX w Green for ballast water compliance testing. Finally, the staining procedure with Neutral Red gave the most satisfactory results. Although the method did not stain some zooplankton, it did successfully stain a large number of phytoplankton and zooplankton groups, both in single cell cultures as well as in natural assemblages. Given the diversity of organisms encountered in natural water samples, this can be qualified as a success, and aligns with previous reports from Crippen and Perrier (Crippen and Perrier, 1974) and, more recently, Elliott and Tang (Elliott and Tang, 2009 ) who utilized Neutral Red as a viability stain for natural/field samples. Neutral Red was by far the most universal of all three viability assays evaluated here for the plankton size range !50 mm.
Automation and identification
Computerized semi-or fully automated systems are more accurate, consistent and faster compared with human taxonomists (MacLeod et al., 2010) . Human taxonomists are subject to various biases such as fatigue, the (limited) human short-term memory, personal preferences for certain organisms and "taxonomic confusion" (Culverhouse et al., 2003; Fuhr et al., 2010) . The few assessments on the accuracy of identifications undertaken by humans versus machines show that they are returning similar accuracies, e.g. 72% for human experts as also 72% for identification using DiCANN (Dinoflagellate Categorisation by Artificial Neural Network; Culverhouse et al., 2003) . However, there is a large variation depending on the test conditions. Routine assessments that are carried out regularly by trained personnel achieve higher accuracies of 84 -95%, whereas consistency between different experts only is 43% (Culverhouse et al., 2003; MacLeod et al., 2010) . Although IMO guidelines require reporting by size class and not by a taxonomic group, Fuhr et al. found that the presence of unfamiliar organisms in a sample will raise the mistake rate by up to 50%, especially due to the erroneous identification of debris as living organisms and vice versa. Although machine learning performance will also not obtain 100% accuracy, certain systematic biases specific to humans can be reduced and therefore provide a more robust sample analysis.
Given this increasing demand for high-throughput systems, whether for ballast water monitoring or scientific research questions, the inclusion of viability determinations needs to be considered in future semi-or fully automated classification systems. The distinction between live and dead cells is a valuable parameter, the realisation of which entails a whole suite of difficulties, in particular for diverse samples such as natural plankton assemblages. Numerous staining procedures or nonstaining techniques are presently available to differentiate live from dead cells in a range of situations. Yet, only few attempts have been made to incorporate these viability assessments into automated instruments. Neutral Red is one stain that has previously been used in treated ballast water testing (Veldhuis and Fuhr, 2008) with the imaging flow analysis instrument FlowCAM w (Fluid Imaging Technologies). However, in this study, FlowCAM w analysis with Neutral Red staining was only used for qualitative and comparative purposes. The default procedure remained the manual examination and counting of viable organisms stained with Neutral Red under a microscope. Fluid Imaging Technologies is now further testing the use of the FlowCAM w for viability determinations for ballast water applications using Neutral Red or the stain FDA (http://www.fluidimaging.com/ applications-aquatic-ballast-water.htm). Evaluations of successful applications of FDA in combination with the FlowCAM w are, however, limited (Poulton, 2008 ) and further work is required before successful automated viability determinations for organisms !50 mm can be established. In addition to FlowCAM w , another powerful and promising technology could be DHM. This novel microscopic technique is already able to differentiate live from dead cells (without staining) for cell cultures in medical R&D applications (http://www.ovizio. com/en/page/5/applications). The combination of digital holographic microscopy with Neutral Red staining has not been explored, but could potentially be promising for viability assessment of natural assemblages of planktonic organisms !50 mm.
C O N C L U S I O N
Ideally, for the quality assurance of ballast water treatment, one would like to have one "universal" viability method, which would work for any type of marine water that harbours any type of organism. Although such a one-size-fits-all approach would be commendable from a legal point of view, it defies all biological realism. The plankton community in a random sample of seawater (or ballast water for that matter) shows a tremendous diversity with respect to taxonomy, morphology and physiology (covering several phyla and orders of magnitude). Phytoplankton cells and zooplankton not only cover a wide range of taxonomies and sizes (Veldhuis et al., 1997) , but visual classification is further impeded by the strong morphological variation within species (Culverhouse et al., 2003) . Given this biodiversity, it is no surprise that viability methods do not work in the same way for each organism, and this is made even more problematic by the presence of complex colonies, filaments or multicellular organism (Reavie et al., 2010) . Currently, there is no single stain or method available that is known to be equally successful for viability determinations of phytoplankton and zooplankton !50 mm in size as discussed in this study. However, there is the need for robust sample analysis as well as for automated systems that are capable of distinguishing alive and dead organisms. Despite its difficulty with some species, this study supports Neutral Red as a good candidate for viability determinations. Once it has been acknowledged that neither humans nor machine learning systems can ever be 100% accurate when dealing with natural samples, and rigorous validation has taken place to set boundaries on the accuracies and precision needed, we can move forward in trying to establish systems that can support the assessments and monitoring requirements, for example, within the IMO ballast water framework. There are continuing advances in species identification with automation, but more studies are needed (MacLeod et al., 2010) , allowing also the search for live-dead determinations to move forward.
